ABSTRACT An assay has been developed that permits analysis of DNA mismatch repair in cell-free extracts of Escherichia coli The method relies on repair of heteroduplex molecules of fl R229 DNA, which contain a base-pair mismatch within the single EcoRI site of the molecule. As observed with mismatch
3'-T-T-T-A-A-G
is repaired in vivo to an EcoRI-sensitive form if the strand bearing the wild-type EcoRI sequence carries the dam modification and the other does not. Such molecules are also subject to mismatch repair by E. coli extracts. The in vitro activity is also dependent on ATP, the state of dam methylation of mismatch heteroduplexes, and products of mutH, mutL, mutS, and uvrE loci. However, crude fractions deficient in these gene products do complement in the cell-free system, thus providing assays for their isolation. The in vitro reaction is accompanied by repair synthesis on the unmethylated DNA strand.
Base-pair mismatches within the DNA double helix may arise in several ways. Spontaneous deamination of cytosine or adenine leads to G-U or I-T mispairs, respectively. Such lesions are thought to be repaired via action of DNA glycosylases (1, 2) . Mismatched base pairs may also occur during homologous genetic recombination if allelic differences are included within the heteroduplex region formed by breakage and rejoining of parental molecules. The phenomenon of gene conversion has been attributed to repair of such mismatches (3) . DNA replication errors may also contribute to generation of mispaired bases. In the case of the chromosome of Escherichia coli, the error rate has been estimated to be 108 to 10-11 per base pair replicated (4, 5) , substantially lower than the in vitro error rate of DNA replication systems derived from this organism (6) .
Direct evidence for existence of a mechanism for correction of mismatched base pairs has been provided in the E. coli system by transfection with A (7-9), 4X174 (10) , and T7 heteroduplexes (11) marked genetically on the two DNA strands. Such experiments have demonstrated that incorrect base pairs can be eliminated from heteroduplexes prior to replication and, furthermore, have implicated the products of E. coli mutH, mutL, mutS, and uvrE loci in this process (9, 11, 12) . Because strains defective with respect to these loci exhibit a mutator phenotype (5) , it seems likely that this set of genes directs a system involved in postreplication repair of DNA biosynthetic errors. As pointed out by Wagner and Meselson (8) , function of such a system requires not only detection of base-pair mismatches but a mechanism for discrimination of parental and newly synthesized strands as well. These authors suggested that the transient undermethylation of the newly synthesized strand might provide the bias for such discrimination. Indeed, several lines of evidence indicate that dam methylation of d(G-A-T-C) sequences functions in this respect. Thus, deficiency or overproduction of this DNA methylase results in a mutator phenotype (13, 14) . In addition, genetic analysis has suggested that dam methylase participates in a pathway involving mutH, mutL, and mutS function (15, 16 Bacteriophage fl R229 containing an EcoRI site in the intragenic region (20) was provided by R. E. Webster. Derivatives containing mutations within the EcoRI sequence were constructed by minor modification of the procedure of Shortle and Nathans (21) and structure was determined by DNA sequence analysis according to Maxam and Gilbert (22) .
DNA Preparations. Bacteriophage fl replicative form (RF) I preparations were isolated (23) from chloramphenicol-treated infected cells (24) . Single-stranded viral DNA was isolated from purified virions (25, 26) . DNAs devoid of dam methylation at d(G-A-T-C) sequences were prepared by using strain RS5033 as host. DNAs modified at this sequence were prepared by using K38 or K38 harboring pGG503, a plasmid which leads to 10-Abbreviations: RF, replicative form; kb, kilobase(s).
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DNA heteroduplexes were prepared by mixing fl duplexes (100 ,ug of RF III, linearized with HincII) with a 10-fold molar excess of viral strands, followed by alkaline denaturation and annealing as described (28) . After isolation by hydroxylapatite chromatography (29) , double-stranded DNA was dialyzed against 0.01 M Tris-HCI, pH 8.0/1 mM EDTA, and then was subjected to closure with E. coli DNA ligase (30) in the presence of ethidium bromide (96 mmol of dye per mol of nucleotide). Covalently closed DNA circles were then isolated by equilibrium centrifugation in CsCl/ethidium bromide as described (31) .
Hemi-methylated heteroduplexes prepared by using methylated RF Fully methylated heteroduplexes were prepared by in vitro methylation of hemi-methylated heteroduplexes by using homogeneous dam methylase (27) (34) , contains one EcoRI site (position 5, 616) and four d(G-A-T-C) sites recognized by dam methylase (positions 216, 1,382, 1,714, and 2,221; the last of these is also a BamHI site). Mismatched heteroduplexes used in this work were constructed by using R229 and a derivative containing a C-to-T transition at position 5,621. F1 heteroduplexes containing a G-T mismatch within the EcoRI site were constructed in several states of methylation. The state of dam methylation of complementary (C) and viral (V) strands is indicated by + and -, respectively. The strands are indicated as
In the case of viral strand modification, incompletely hemi-methylated molecules were eliminated by Mbo I cleavage. Heteroduplexes were introduced into K38 by transfection (35) , and cells were immediately plated for infective centers. Individual plaques were picked into 1 ml of R broth (32) , which was then supplemented with 0.2 ml of an overnight culture of K38. After incubation at 370C for 3-4 hr, a 0.1-ml sample was removed and used to infect a logarithmic culture of K38 (1.5 ml, A590 = 1.5 in R broth). Twenty minutes later chloramphenicol was added to 30 tsg/ml, and after an additional 60 min cells were collected by centrifugation. RF DNA was prepared by a mini-lysate procedure (36) and tested for cleavage by EcoRI endonuclease. DNA scored as sensitive to the enzyme was cleaved to an extent of >95%, whereas resistant DNA was subject to <5% cleavage. Intermediate values were scored as mixed.
ner et al. (33) except that thawed cell suspensions were supplemented with 1.2 mM dithiothreitol/0. 15 M KCI/0.23 mg of lysozyme per ml, and heat shock at 370C was for a time sufficient to yield a final suspension temperature of 20'C. After centrifugation, the supernatant was treated with solid (NH4)2SO4 (0.42 g/ml), and the precipitate was collected by centrifugation, resuspended in 0.3 ml of 0.025 M Hepes, pH 7.6/0.1 mM EDTA/2 mM dithiothreitol/100 mM KCI, and dialyzed against this buffer until the conductivity achieved a value equivalent to that of 0.2 M KCI (about 90 min). This material (fraction I, 40-70 mg/ml) was frozen in small samples at -70°C.
Mismatch Repair Assay. The assay scores conversion of fl R229 heteroduplexes, containing a base-pair mismatch within the EcoRI site, to a form which is subject to cleavage by EcoRI endonuclease (Fig. 1) . Reactions (final volume, 10 ,l) contained 0.02 M Tris-HCI, pH 7.6/5 mM MgCl2/50 ,ug of bovine serum albumin per ml/1 mM glutathione/0.2 mM spermidine/1.5 mM ATP/0.5 mM NAD/100 ,M (each) the four deoxyribonucleoside-5'-triphosphates/10 ,ug of DNA per ml and fraction I (added in 2-5 ,l), as indicated. After incubation for 1 hr at 37°C, 30 Al of 25 Fig. 2 (lanes 1-4) , hemi-methylated heteroduplexes containing a G-T mismatch within the EcoRI recognition sequence were subject to mismatch correction by crude E. coli fractions, as judged by generation of the appropriate restriction products upon subsequent cleavage with EcoRI and BamHI (Fig. 1) . Several lines of evidence indicate that this reaction is related to the mechanism of mismatch repair as it occurs in the cell. First, repair of heteroduplexes methylated on both DNA strands was only 16% of that observed with hemi-methylated molecules (Fig. 2 , lane 6, and Table 2 ). This is consistent with the finding that the efficiency of in vivo mismatch repair of A heteroduplexes is greatly decreased if both DNA strands are fully modified by the dam enzyme (12) . More convincing, however, is the observation that in vitro mismatch correction occurs poorly, if at all, in extracts prepared from isogeneic strains defective in mutH, mutL, mutS, or uvrE function (Fig. 2, lanes 10-14; see Table 4 ). These genes have been previously implicated in the process of mismatch repair in vivo (9, 11, 12) .
Requirements for the cell-free reaction are shown in Fig. 2 and Table 2 . As mentioned above, mismatch correction was greatly decreased if both DNA strands were methylated at d(G-A-T-C) sites. The reaction is also highly dependent on ATP, with mismatch correction in the absence of this nucleotide being only about 5% (Fig. 2, lane 7) of that in its presence. However, omission of the ligase cofactor NAD from the crude system was without significant effect on the reaction (Fig. 2, lane 8) . Although in vitro mismatch repair occurred in the absence of exogenous deoxyribonucleoside-5'-triphosphates, the extent of reaction was decreased (Fig. 2, lane 9) . As will be shown below, because hemi-methylated mismatch heteroduplexes are subject to strand-specific repair DNA synthesis, mismatch repair Reactions (20 Table 3 by using the G-T mismatch heteroduplex (Table 1) in the two possible states of hemi-methylation. After phenol extraction, dialysis, and concentration by ethanol precipitation, 32P-labeled DNAs were hydrolyzed with Bsp I endonuclease and cleavage products were separated by electrophoresis on a 6% polyacrylamide gel (22) . The three largest cleavage products (A, B, and C shown in Fig. 1 ) were eluted and subjected to electrophoresis on a strand separation gel (22) , with bands visualized by autoradiography. A 5'-end labeled Bsp I hydrolysate of fl R229 was included on gels to serve as marker. Origin of separated strands of fragments A, B, and C was determined in separate experiments by hybridization to circular viral strands. The state of methylation of viral (V) and complementary (C) strands is indicated by + and -.
under such conditions presumably reflects contamination of the crude system by residual deoxyribonucleotides. Furthermore, heteroduplexes repaired by some fraction I preparations in the absence of deoxyribonucleotides yielded anomalous products upon cleavage with EcoRI and BamHI endonucleases. In particular, the smaller 3.1-kb product was under-represented in such cases by as much as 60-80%. An example of this effect is shown in lane 9 of Fig. 2 . However, in the presence of deoxyribonucleotides the two EcoRI-BamHI products were always obtained in near molar equivalence (0.88 ± 0.08 mol of the 3.1-kb product per mol of 3.3-kb fragment). Thus, the shorter EcoRIBamHI fragment, which contains all of the d(G-A-T-C) sites of fl (Fig. 1) , was selectively lost, or present in altered form, after incubation with extracts in the absence of deoxyribonucleotides.
In Vitro Mismatch Correction Is Accompanied by MethylDirected Repair DNA Synthesis. To assess possible involvement of repair DNA synthesis during in vitro mismatch correction, heteroduplexes were incubated with fraction I in the Table 3 , the extent of repair synthesis was dependent on both the state of heteroduplex methylation and the presence of a basepair mismatch. In particular, repair synthesis on symmetrically methylated molecules containing a mismatch or on hemi-methylated molecules lacking a mismatch was only 30% of that observed for hemi-methylated heteroduplexes containing a G-T mismatch within the EcoRI site. Thus, a significant component of the repair synthesis requires both the presence of a mismatch and d(G-A-T-C) sequences unmethylated on at least one strand. Furthermore, this component of the repair synthesis was also found to be dependent on the presence of functional products of mutH, mutL, and mutS loci (unpublished data).
The dependence of repair synthesis on state of DNA methylation led us to examine possible strand-specificity of this reaction. Heteroduplexes containing a G-T mismatch within the EcoRI site were constructed in both possible states of hemimethylation and were incubated with fraction I in the presence of 32P-labeled deoxyribonucleotides. After isolation, these DNAs were subjected to cleavage with Bsp I endonuclease and the three larger restriction products (fragments A, B, and C; Fig.  1 ) were isolated. These fragments, which span most of the molecule, were analyzed by polyacrylamide gel electrophoresis under strand separation conditions (22) . Repair synthesis on hemimethylated molecules occurred predominantly on the unmethylated strand (Fig. 3) . Reversal We have also found that hemi-methylated fl heteroduplexes containing the G-T mismatch are subject to repair by E. coli extracts in an ATP-dependent reaction. Because the assay employed monitors conversion of an EcoRI site containing a mismatch to a form sensitive to cleavage by the endonuclease, it has been possible to directly examine in vitro repair of this mismatch with only one of the two possible hemi-methylated heteroduplex configurations. Several lines of evidence indicate that the cell-free reaction is analogous to that which has been observed in vivo. First, extent of in vitro mismatch correction is markedly decreased if both DNA strands are methylated at d(G-A-T-C) sites. Second, although the EcoRI endonuclease mismatch repair assay can detect correction in only one of the two hemi-methylated configurations, mismatch-dependent repair DNA synthesis has been examined in both. This synthesis occurs predominantly on the unmethylated DNA strand. Lastly, cell-free mismatch correction requires components that are lacking in strains defective in mutH, mutL, mutS, and uvrE loci previously implicated in the process of mismatch repair in vivo (9, 11, 12) . Furthermore, preliminary experiments indicate that an A-C mismatch within the EcoRI site of fl R229 heteroduplexes is also subject to mismatch repair by this in vitro system in a reaction that appears analogous to that observed with the G-T mismatch reported here. Thus, the system appears to recognize both transition mispairs (unpublished data).
To repair mismatches in a strand-directed fashion, it is clear that the system has to recognize both a mismatch and a hemimethylated dam site. The tetranucleotide sequence d(G-A-T-C) would be expected to occur on the average once every 256 base pairs in a random sequence, and available evidence is consistent with this sort of frequency within the E. coli chromosome (38) . Therefore, the average distance between a mismatch and the closest d(G-A-T-C) site is expected to be about 130 base pairs. However, in the fl heteroduplexes described here, the shortest distance between the mismatch and a d(G-A-T-C) site was 1,008 base pairs. Nevertheless, repair occurred with high efficiency, indicating that necessary recognition events can occur over large distances. Elucidation of the mechanism of this reaction must await its reconstitution in a purified system. The in vitro assay described here provides a basis for isolation of the necessary components.
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